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The double-stranded DNA bacteriophage P4 has a T  4 icosahedral arrangement of the gpN capsid protein derived from
the P2 helper phage. The precursor procapsids in addition contain an external scaffold made up of the P4-encoded Sid
protein. High yields of pure P4 procapsids have been obtained by coexpressing the gpN and Sid proteins from a chimeric
plasmid. Biochemical measurements show that the ratio of gpN to Sid in the procapsids is 2:1, corresponding to 120 copies
of Sid per procapsid particle. A reconstruction of the P4 procapsid, made from 213 particle images to an effective resolution
of about 21 Å, greatly improves on the previously determined P4 procapsid structures. The structure shows a T  4 capsid
shell and a unique tandem arrangement of 120 copies of chilli-shaped Sid monomers, which form trimers and dimers on theINTRODUCTION
The assembly of icosahedral capsids of double-
stranded DNA bacteriophages depends on a small set of
virus-encoded proteins, including the capsid protein, the
connector protein, and one or more scaffolding proteins,
which act as chaperones for the assembly process (Dok-
land, 1999, 2000).
Bacteriophages P2 and P4 are two genetically unre-
lated bacteriophages that are nevertheless constructed
from the same structural proteins, encoded by P2 (Ber-
tani and Six, 1988; Christie and Calendar, 1990; Lindqvist
et al., 1993). The normal P2 capsid contains 415 copies of
gpN-derived capsid protein, arranged with T  7 sym-
metry. The smaller P4 capsid has T  4 symmetry and is
composed of 235 copies of gpN-derived protein (Dokland
et al., 1992). The predominant form of gpN found in
mature capsids is the cleaved form N* (Rishovd and
Lindqvist, 1992). The size of the capsid is determined by
the P4-encoded external scaffolding protein Sid (Marvik
et al., 1995), in the presence of which small capsids are
formed (Barrett et al., 1976). During a normal P4 infection,
Sid expression is greatly increased about 30-min postin-
fection due to the Ogr gene product of P2 operating on
the sid promoter. This stimulation of Sid coincides with
the onset of P4 procapsid assembly (Nilssen et al., 1996).
Two additional P2-encoded proteins are required for the
formation of viable capsids of both P2 and P4; these are
1 To whom correspondence and reprint requests should be ad-© 2002 Elsevier Science (USA)
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224the gpQ connector protein and the gpO internal scaffold-
ing protein (Lengyel et al., 1973). The gpQ connector is a
12-fold ring, which forms the head–tail connection in the
mature phage and acts as the entry and exit portal for the
DNA (Rishovd et al., 1994).
Previously, we demonstrated the assembly of P4 pro-
capsids in vitro from denatured capsid protein and native
scaffolding protein (Wang et al., 2000). Here, we present
an alternative method, using coexpression of Sid and
gpN from a chimeric plasmid. This approach yields large
quantities of homogeneous P4 procapsids. A similar co-
expression approach was previously carried out (Marvik
et al., 1994, 1995), but resulted in rather low yields of
heterogeneous shells, probably due to the low level of
Sid expression. With our improved preparation method
we have taken essential steps toward a high-resolution
structure determination and here present a reconstruc-
tion at 21 Å resolution of the P4 procapsid, providing new
insights into the organization and formation of the scaf-
fold.
RESULTS
Coexpression of gpN and Sid
The chimeric plasmid pLucky7 was constructed by
fusing the Sid-expressing pVE2 and the gpN-expressing
pTL1 plasmids, so that the two genes were under inde-
pendent control of the T7 promoter (Fig. 1) (see Materials
and Methods). Induction of pLucky7 yielded high-level
expression of both Sid and gpN protein with Sid in slightprocapsid surface. © 2002 Elsevier Science (USA)
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excess (Fig. 2).
The proteins expressed from pLucky7 assembled ef-sis; cr
ficiently into procapsid-like particles, which were recov-
ered by high-speed centrifugation (Fig. 2). This material
was purified once or twice on sucrose gradients. On the
first gradient, at least 70% of the gpN-related material
was found in a band sedimenting at about 140S, while
5% remained on top of the gradient and 15% was
found in the pellet (Fig. 2). About half of the gpN-related
material in the pellet corresponded to a cleaved form,
probably N*. This cleaved form of gpN was absent from
the rest of the gradient (Fig. 2) and probably represents
prematurely cleaved gpN, which aggregates into aber-
rant assemblies. A similar behaviour was previously ob-
served when N* was expressed and assembled in vitro
(Wang et al., 2000).
Cryoelectron microscopy showed that the procapsid
band contained a highly homogeneous population of
procapsid-like shells, although a small fraction (10%) of
aberrant shells was found (Fig. 3). These aberrant shells
comprised mostly partial, unclosed, or twinned shells of
the same curvature and size as procapsids that copuri-
fied with the procapsids on sucrose gradients. The total
yield of procapsids from a 1-L culture was typically about
50 mg after two sucrose gradients.
Quantitation of Sid
To determine the ratio of gpN to Sid, a dilution series
of twice gradient-purified procapsids was analysed by
SDS–PAGE (Fig. 4A). The integrated optical densities for
Coomassie-stained Sid and gpN were both plotted
against the dilution factor to determine the concentration
range for which there was a linear relationship between
protein mass and optical density (Fig. 4B). The linear
range for both proteins fell within the dilutions from 2 to
16. The ratio of gpN to Sid was therefore calculated
only within this range. To convert the mass ratio to a
molar ratio, this value was normalised with the proteins’
calculated molecular weights (molar ratio  ODN/ODSid
 MWN/MWSid; Fig. 4C). For the four measurements
within the linear range, the average ratio was 1.78 with a
variance of 0.18 (Fig. 4C). Assuming 240 copies of gpN
(T  4), this gives 135.75  14.5 Sid molecules per
procapsid. The two possible models that have been
considered were either 60 or 120 copies of Sid. Thus,
these measurements support a model with 120 copies of
Sid and are consistent with the results of Marvik et al.
(1995), which were based on volume measurements in
the EM reconstruction.
Reconstruction of the P4 procapsid
Five negatives of cryo-EM images of pLucky7 (Fig. 3)
at a nominal defocus of 1 m were scanned at a step
size equivalent to 5.18 Å in the specimen, and a total
of 327 individual particle images were selected from
these negatives. Three-dimensional reconstructions were
made using the MRC/ICOS suite of programs (Baker and
Cheng, 1996; Fuller et al., 1996). Initial orientations for the
95 particles in one of the five negatives were determined
using a 35-Å resolution map obtained previously from in
vitro assembled particles (Wang et al., 2000) as a search
model. A map calculated to the same resolution from the
pLucky7 particles showed essentially the same features
as the model, although the Sid density appeared to be
weaker, probably due to the use of a more close-to-focus
image. This map was then used as model for determin-
FIG. 2. SDS–PAGE of procapsids produced by pLucky7 expression
after sucrose gradient centrifugation. Lane T, total lysate from pLucky7
expression; M, markers. The arrow indicates the direction of the gra-
dient; lane P, pellet. N and S indicate the position of gpN and Sid bands,
respectively. The asterisk indicates the position of a band probably
corresponding to N*.
FIG. 1. Schematic diagram of clones used in this study: the two
plasmids pTL1 (A) and pVE2 (B) are both based on the pET11 vector
(Novagen) and contain the N and sid genes, respectively. Plasmid
pLucky7 (C) was made by fusing together pTL1 and pVE2 at the BamHI
restriction sites. The arrowhead indicates the T7 promoter and the filled
circle represents the T7 terminator.
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ing the orientations in all the negatives, and the process
went through a number of cycles of redefining the orien-
tations and calculating maps to increasingly higher res-
olution. The final reconstruction was calculated to a
resolution of 18Å—close to the position of the first zero
of the microscope contrast transfer function (CTF)—from
the best 213 particles with correlation higher than 0.4 in
the PFT program. The effective resolution was estimated
at around 21 Å by Fourier shell correlation between two
independent reconstructions.
In this study, the use of closer-to-focus negatives and
a much larger number of particles allowed the recon-
struction to be calculated to higher resolution than in
previous work (Marvik et al., 1995; Wang et al., 2000). The
defocus of the images used for this reconstruction was
about 1 m compared to 1.6 to 3.2 m used previously.
Although the resulting image contrast was much lower,
this allowed the reconstruction to be calculated to higher
resolution without reaching the first zero of the CTF.
Extending the resolution further by correcting for the CTF
was not possible, however, mainly due to limitations in
the instrumentation used to take the micrographs. Fur-
thermore, the current reconstruction included over 200
individual particle images, while the previous procapsid
reconstructions used only about 20 particles. While more
particles are needed as the resolution is increased,
greatly overdetermining the problem provides additional
averaging power that allows the information from the far
more noisy close-to-focus negatives to be brought out.
The density cutoff level for isosurface rendering of the
particle was set at 1.1 standard deviations above the
mean. This corresponds to a mass of about 14,000 kDa
within the shell region, roughly equivalent to the pre-
dicted mass of the particle (12,912 kDa), assuming that it
contains 240 copies of gpN (40.2 kDa) and 120 copies of
Sid (27.2 kDa).
Procapsid structure
Compared to previous reconstructions (Marvik et al.,
1995; Wang et al., 2000), the present map has more
sharply defined features and a more clearly defined
handedness. The reconstruction clearly shows the T 4
arrangement of gpN in the shell, organised as 12 pen-
tamers and 30 hexamers (Fig. 5A). The hexamers are not
sixfold symmetric, but have an elongated appearance
characteristic of dsDNA phage procapsids. However,
twofold symmetry is imposed on the hexamers by the
icosahedral symmetry of the shell, unlike in the T  7
capsids of , P22, or HK97 (Conway et al., 1995; Dokland
and Murialdo, 1993; Thuman-Commike et al., 1996). The
gpN subunits in both the hexamers and the pentamers
have a protruding domain that is shaped similar to a
slightly twisted slab, and a shell domain that makes up
the bulk of the capsid density (Figs. 5A–5C). A small
central protrusion in the pentamers might represent a
part of the gpN protein that is more closely crowded
together in the pentamers than in the hexamers (Fig. 5A).
The most striking difference between the present re-
construction and previous lower resolution reconstruc-
tions is in the Sid scaffold. Previous maps only showed
Sid as a tubular structure stretching from the twofold to
the threefold axes, with a constriction in the middle. In
the present reconstruction, the scaffold has a clear hand-
FIG. 3. Cryoelectron micrograph of sucrose gradient-purified procapsid particles from pLucky7 at (A) approximately 3 m and (B) 1 m under focus.
The particles from (B) were used for the three-dimensional reconstruction.
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edness and there is a distinct division between the
trimeric and dimeric parts (Fig. 5C). The measurements
described above show that there are 120 copies of Sid in
the scaffold. This means that there are two nonequiva-
lent Sid monomers in the scaffold. Nevertheless, these
monomers would be expected to have similar shapes. In
our interpretation, the Sid monomers are shaped simi-
larly to chillies and are arranged in a linear fashion (Fig.
5D) rather than the parallel arrangement previously sug-
gested (Marvik et al., 1995). The thick end of the chilli
thus forms both the trimeric interactions at the threefold
axis and the dimeric interactions at the twofold axis,
while the thin end of the chilli forms the connecting point
between the dimers and trimers (Fig. 5D). Although it is
not possible to say exactly where the border between
gpN and Sid goes, Sid appears to interact with gpN
through the thick end of the chilli. The Sid dimer is
primarily interacting with two of the six copies of gpN in
the hexamer, but there appears to be a small connection
with another two gpN subunits as well (Fig. 5B and 5C).
DISCUSSION
Assembly fidelity
Earlier results showed assembly of P4 procapsid-like
shells by superinfection of gpN-expressing clones with
P4 or by coexpression with the P4cat plasmid (Marvik et
al., 1994). However, the resulting particle population was
very heterogeneous. The reason for the low assembly
fidelity in these experiments was most likely the low level
of Sid expression. During a normal infection, the expres-
sion of Sid is greatly stimulated by P2 at the onset of P4
procapsid assembly (Nilssen et al., 1996). Furthermore,
the lack of tight control of gpN expression in this system
would have led to premature, aberrant assembly of gpN
before introduction of Sid.
P4 procapsid-like particles have previously also been
produced by in vitro assembly from urea-denatured pro-
teins (Wang et al., 2000). This method also yielded per-
fectly shaped, morphologically correct procapsids; how-
ever, the yields and fidelity of the assembly process
varied widely. The main problem with in vitro assembly is
FIG. 4. Quantitation of gpN:Sid ratio. (A) SDS–PAGE of dilution series of highly purified procapsids. The procapsids were loaded on the gel undiluted
(1), diluted 2, 4, 8, 16, 32, 64, 128, 256, and 512. (B) Graph of background-subtracted integrated optical density for the gpN and Sid
bands in (A) as a function of dilution. The linear range for both proteins falls within the dilutions from 2 to 16. (C) Table of mass-normalised ratio
as a function of dilution. For the four measurements within the linear density range, the gpN:Sid ratio is 1.78  0.18 (mean  SE). Assuming that there
are 240 copies of gpN, this corresponds to 135.75  14.5 copies of Sid per procapsid.
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the aberrant self-assembly of gpN. Furthermore, not all
the protein regains activity after denaturation and refold-
ing. As refolding and assembly occur concomitantly, the
assembly process is difficult to control (Wang et al., 2000).
In this article, we have shown how coexpression of
gpN and Sid from pLucky7 leads to high-level expression
of both proteins and subsequent efficient assembly into
procapsid shells. Under these conditions, much less
aggregation or aberrant assembly was seen, illustrating
the importance of having sufficiently high levels of Sid
expression to capture the gpN protein. This strategy
yielded large quantities of homogeneous procapsids
(more than 50 mg per litre culture at 90% purity), but
does not offer the opportunity for fine-tuning of the as-
sembly conditions that is possible in vitro.
Quantitation and arrangement of Sid
Previous EM reconstructions have shown that the P4
procapsid contains 240 copies of gpN (Marvik et al.,
1995; Wang et al., 2000). (Bona fide procapsids and
virions contain 235 copies of gpN, assuming that one
pentamer is replaced by the connector structure at the
fivefold vertex; Dokland et al., 1992.) However, the num-
ber of copies of Sid in the scaffold was not clear from the
previous reconstructions. The two most likely arrange-
ments considered were 60 and 120 copies of Sid. A
model containing 60 copies of Sid is simpler, as all the
interactions would be equivalent. However, measure-
ments of the volume occupied by Sid in a difference map
between a normal procapsid and a Sid-less procapsid
suggested that 120 copies of Sid were more likely (Mar-
vik et al., 1995). The availability of highly purified procap-
sids has now allowed the ratio of Sid to gpN in the
procapsids to be accurately determined. Our measure-
ments strongly suggest that there are 120 copies of Sid
in the P4 scaffold, consistent with previous results.
Marvik et al. (1995) proposed that the Sid molecules
were arranged in tight parallel dimers extending from the
FIG. 5. (A) Surface representation of the complete shell of the pLucky7 procapsid reconstruction, viewed down a twofold axis. The density cutoff
level is at 1.1 standard deviation above the mean. The inferred density corresponding to the Sid scaffold is coloured pink. (B) Surface representation
of a 13-nm slice through the reconstruction. Twofold and fivefold axes are indicated. Coloured as in (A). The dark-gray area represents the sectioning
plane through the procapsid density. (C) Stereo representation of a part of the procapsid surface, showing Sid in more detail. (D) Schematic
interpretation of the arrangement of Sid proteins in (C). Each Sid molecule is depicted as a chilli.
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threefold to the twofold axes. However, the present
three-dimensional reconstructions show that the Sid
monomers are arranged in a linear, tandem fashion (Fig.
5C), in which the proteins form two distinct oligomers, a
trimer and a dimer.
Any icosahedral capsid with more than 60 copies of
some protein exhibits nonequivalence of the subunits
(Dokland, 2000). Such nonequivalence may manifest it-
self in conformational differences between the subunits
and/or differences in subunit interactions. Both types of
nonequivalence exist to a greater or lesser extent in
every system, although the greatest differences tend to be
in the more easily modifiable subunit interactions rather
than in large conformational differences between subunits.
An arrangement of 120 copies of protein with icosa-
hedral symmetry was previously considered to be im-
possible or unlikely to occur because the degree of
nonequivalence was deemed to be too different (Caspar
and Klug, 1962). However, it has now been found to be a
rather common theme in virus structures (Dokland,
2000), most notably those of the dsRNA viruses. For
example, 120 copies of the P1 protein in the dsRNA
bacteriophage 6 are arranged in a dodecahedral cage-
like structure (Butcher et al., 1997). In addition, some
capsids which normally form T  3 structures have been
shown to be able to form “T  2” capsids (Krol et al.,
1999). Clearly, there is no inherent restriction on this type
of symmetry.
In the P4 procapsid, the arrangement of 120 copies of
Sid displays three distinct interactions: an exact dimeric
interaction between the thick ends of the subunits, a
perfect threefold interaction, and a local twofold interac-
tion between the opposite end of the molecule. Although
the details of the conformations are still obscure at this
resolution, the overall shape of the molecule appears to
be retained in both conformations. We predict that there
will be only small differences between the two non-
equivalent subunits and that the greatest differences will
be in the interaction surfaces that display alternate diva-
lent and trivalent interactions in the same part of the
molecule.
Production and application of procapsids
One of the aims of this work is a high-resolution
structure determination of the procapsid and the proteins
involved in capsid assembly. The high-level production
strategy demonstrated here is an important first step
toward this goal.
Furthermore, viral capsids may eventually find a bio-
technological application as general molecular contain-
ers for, for example, containment and delivery of drugs or
other compounds to specific cells or tissues. We foresee
that the internal scaffolding protein gpO might be ex-
ploited as a means for packaging such compounds,
while the removable external scaffold could be useful as
a targeting device. A thorough understanding of the
mechanism of capsid expansion, maturation, and scaf-
folding release is necessary before this could become a
reality. Further experiments are under way to elucidate
these mechanisms and to explore the technological po-
tential of P4 procapsids.
MATERIALS AND METHODS
Plasmids and strains
The pTL1 plasmid contains the N gene inserted be-
tween the NdeI and BamHI sites of pET11a (Novagen)
(Marvik et al., 1995) (Fig. 1A). The Sid-expressing pVE2
construct was made from the sid gene in the same way
(Wang et al., 2000) (Fig. 1B).
The chimeric plasmid pLucky7 was constructed from
pTL1 and pVE2 by cleaving them with BamHI, dephos-
phorylating the sticky ends of pTL1, ligating the two
plasmids together, and selecting constructs with the cor-
rect length on agarose gels. As there are two possible
relative orientations for the plasmids in the chimeric
construct, the plasmid was cleaved with NdeI. The cor-
rect orientation, with the two genes at opposite ends of
the construct (Fig. 1C), resulted in two bands of similar
lengths on agarose gels. Thus, the two genes in Plucky7
are under separate control of the T7 promoter. The clon-
ing was carried out in the rec strain DH5 (Invitrogen).
For expression, the plasmid was transformed into the
rec strain BLR(DE3) (Novagen), as internal recombina-
tion, leading to loss of one-half of the chimeric construct,
was problematic in the original rec host BL21(DE3)
pLysS, especially upon multiple passage of the clone. In
BLR pLucky7 remained stable through multiple passages.
Coexpression of gpN and Sid from pLucky7
The chimeric plasmid pLucky7 was induced with 1
mM IPTG at 37°C for 2 h, harvested, and lysed by two
passages in a French press. After removal of debris by
low-speed centrifugation (12,000 g, 30 min), capsid
shells were harvested by centrifugation at 40,000 rpm in
a Ti50.2 rotor (190,000 g) for 1 h. After resuspending in
procapsid buffer, the particle mixture was run on a 5–20%
sucrose gradient for 2 h at 34,000 rpm in an SW41 rotor.
Gradient fractions were analysed by SDS–PAGE and EM.
The procapsid-containing band was diluted 5, concen-
trated by pelleting at 190,000 g for 1 h, and resuspended
in procapsid buffer (100 mM Tris, pH 8.0, 50 mM NaCl, 10
mM MgCl2). The concentrated sample was then sub-
jected to a second and, in some cases, a third round of
sucrose gradient centrifugation.
Quantitation of Sid
To determine the ratio of gpN:Sid in procapsids, twice-
purified procapsids from pLucky7 expression were ana-
lysed by SDS–PAGE undiluted and after diluting 2, 4,
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8, 16, 32, 64, 128 256, and 512. The gel was
stained with Coomassie blue, scanned, and analysed
using the program NIHImage. First, an overall back-
ground value was subtracted. The average optical den-
sity within a box on the gel is then proportional to the
protein mass within that box within the linear range of
the Coomassie staining technique. This value was mea-
sured for gpN and Sid (ODN and ODSid, respectively) at
each dilution. The measured value was plotted against
dilution to determine the linear part of the density range
for both proteins. Then the ratio of gpN:Sid was calcu-
lated within this range and normalised with the proteins’
molecular weights to yield a molar ratio (molar ratio 
ODN/ODSid  MWN/MWSid).
Electron microscopy
Cryomicroscopy was essentially carried out as de-
scribed before (Wang et al., 2000): The particle samples
were recovered from the sucrose gradients, diluted 5,
pelleted at 190,000 g for 1 h, and resuspended in pro-
capsid buffer at a concentration of 9 mg/ml. The sample
was diluted to 1 mg/ml concentration in procapsid buffer
immediately before microscopy, applied to lacey carbon
film grids (Electron Microscopy Sciences, Fort Washing-
ton, PA), plunge-frozen in liquid ethane, and observed in
an FEI Technai 12 electron microscope operated at 120
kV, equipped with a Gatan cryospecimen holder. The
images were collected on Kodak SO-163 film at a mag-
nification of 49,000 in focal pairs with nominal defocus
of 1 and 3 m. The assembly fidelity was assessed by
counting the percentage of shells on a grid that had the
size and appearance of procapsids.
Three-dimensional reconstruction
The micrographs were scanned on a FAG Hi-scan
rotating drum scanner (Dunvegan, Geneva) at a step size
of 25.4 m, corresponding to 5.18 Å in the specimen, in
16-bit gray scale mode. The 16-bit mode allows the
whole negative to be scanned with sufficient gray scale
resolution within the extremely narrow range that con-
tains the particle information. Before further processing,
the images were converted to 8 bit within the optimal
gray scale range for each particle. We used Adobe Pho-
toshop (Adobe Systems) on a Macintosh computer to do
the conversion as well as for picking the particle images.
The images were converted from TIFF to MRC format
using the EM2EM utility (courtesy of Michael Schatz,
Image Science Software). Background ramp subtraction,
masking, and truncation or expansion to the desired size
were done by a standalone program called PROCIM.
For the orientation determination and reconstruction
procedures, we used the MRC/ICOS programs (Fuller et
al., 1996) enhanced with the Purdue model-based orien-
tation-finding routines (Baker and Cheng, 1996). A simple
interface utility named MICOS was used to handle par-
ticle lists and log files and to set up command files for
running the MRC/ICOS and other programs.
The starting model for orientation determination was
the 35-Å map from previous work (Wang et al., 2000),
which was used to orient 95 particles from one negative,
and an initial map was then calculated to 27 Å. This map
was used to redetermine the orientations and a new map
was calculated using particles with a PFT correlation of
more than 0.5. This process was repeated for all the
negatives (327 particles) until the orientations were sta-
ble. The resulting map was used in several cycles of PFT
refinement runs in which the previous orientations were
used as a starting point for a local search in a 7°  7°
grid around the previous orientation. At each cycle the
resolution was increased until a final map was made to
18 Å resolution from the best 213 particles with a PFT
correlation of more than 0.4. This resolution corre-
sponded to the first zero of the microscope CTF at 1-m
defocus. There was little information beyond this point
presumably due to the overall resolution falloff caused by
the lack of coherence of the beam, and no attempts were
therefore made to extend the resolution by correcting for
the CTF. By calculating the Fourier shell correlation be-
tween two independent reconstructions calculated after
splitting the data into two sets, the effective resolution
was estimated to be around 21 Å. In general, this is a
relatively conservative estimate, as it is calculated from
reconstructions using only half of the data. As usual, all
maps were initially calculated using 52 symmetry and
perfect icosahedral symmetry was imposed using real-
space averaging (Fuller et al., 1996). Map manipulation
and density measurements were carried out using the
MAUL utility program. Surface representations were
made using modified versions of the MRC/ICOS-distrib-
uted LIGHT and PTONE programs.
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